ABSTRACT
H emangioblastoma and metastasis are the 2 most important differential diagnoses of cerebellar masses in adults. Hemangioblastomas are benign tumors of vascular origin and are the second most common infratentorial parenchymal tumor, accounting for 7% of posterior fossa tumors in adults. 1 Metastases are the most common type of brain tumor, and posterior fossa metastases represent approximately 8.7%-10.9% of all brain metastases. 2, 3 Discriminating between hemangioblastoma and brain metastasis is important because their therapeutic approaches and prognoses are quite different. The standard treatment for hemangioblastoma is complete surgical resection. However, patients with a brain metastasis usually undergo surgery, stereotactic surgery, whole-brain radiation therapy, chemotherapy, or a combination of these. Furthermore, hemangioblastomas are associated with longer patient survival times, 4 whereas brain metastases are associated with a poor prognosis. 5 Because the frequency of metastasis increases with time, patient age is often helpful in distinguishing between these tumors but is not always reliable. In addition, although one-third of patients with cerebellar hemangioblastomas also have von Hippel-Lindau disease, 6 a clinical history of von Hip-pel-Lindau disease may not be available at the time of initial presentation. Hemangioblastoma is characterized by markedly increased vascularity 7 ; therefore, angiographically dense tumor staining may suggest hemangioblastoma rather than metastasis. 8 However, cerebral angiography is invasive and involves risks of complications, such as stroke. MR perfusion imaging can provide useful information about vascularization in hemangioblastoma. Previous studies using dynamic susceptibility contrast and dynamic contrast-enhanced MR perfusion imaging have reported increased vascular perfusion in hemangioblastomas. 9, 10 Arterial spin-labeling (ASL), unlike DSC and dynamic contrast-enhanced perfusion imaging, is a noninvasive MR perfusion technique that uses electromagnetic endogenous arterial water as a freely diffusible tracer instead of an exogenous MR imaging contrast agent. The utility of ASL perfusion imaging in the evaluation of the vascularity of brain tumors has been explored in several recent studies. [11] [12] [13] [14] One prior study differentiated hemangioblastomas from metastases on the basis of quantitative blood flow measurements using ASL. 15 The authors reported that tumor blood flow was significantly higher in hemangioblastomas than in metastases. However, their study included a limited number of patients and examined metastatic tumors located primarily in the supratentorial region. Because metastasis usually presents with multiple enhancing supratentorial and infratentorial masses and 90%-95% of hemangioblastomas are in the posterior fossa, it is difficult to differentiate hemangioblastoma from metastasis in patients with only cerebellar masses in daily clinical practice. Therefore, the aim of this study was to determine whether the addition of ASL imaging is useful for differentiating hemangioblastoma from metastasis in a homogeneous cohort of patients with only cerebellar masses and to validate the findings by investigating observer performance.
MATERIALS AND METHODS
This study was approved by our institutional review board, and informed consent was waived due to its retrospective nature.
Subjects
After a review of our radiology data base from October 2011 to October 2016, we identified 112 consecutive patients with cerebellar hemangioblastomas who satisfied the following inclusion criteria: 1) patients whose histopathologic diagnoses were confirmed as cerebellar hemangioblastomas or patients with von Hippel-Lindau disease having probable cerebellar hemangioblastomas, and 2) patients who did not have supratentorial mass lesions. For the patients with von Hippel-Lindau disease having probable cerebellar hemangioblastomas, the diagnosis of hemangioblastoma was made on the basis of radiologic evidence showing no other tumors with metastatic potential, including renal cell carcinomas, pheochromocytomas, or pancreatic neuroendocrine tumors. Of these patients, 96 were excluded for the following reasons: 1) lack of ASL images (n ϭ 95), or 2) no contrast-enhanced MR imaging (n ϭ 1). The remaining 16 patients were included in this study. Ten of the 16 patients had von HippelLindau disease. Among the final 16 patients, 14 had pathologic confirmations of hemangioblastomas, and 2 had von HippelLindau disease; abdominal CT revealed 2 hemangiomas in the liver in 1 patient and multiple serous cystadenomas in the pancreas in the other.
We found 129 patients suspected of having cerebellar metastases who met the following inclusion criteria: 1) patients whose histopathologic diagnoses were confirmed as cerebellar metastases or patients whose diagnoses were made on the basis of their clinical history and follow-up imaging studies, 16 and 2) patients who did not have supratentorial mass lesions. Of these patients, 115 were excluded on the basis of the following criteria: 1) the presence of leptomeningeal seeding (n ϭ 28), 2) history of previous radiation therapy or gamma knife surgery (n ϭ 18), 3) coexisting acute infarction (n ϭ 28), 4) no contrast-enhanced MR imaging (n ϭ 1), and 5) lack of ASL images (n ϭ 40). Finally, 14 patients with cerebellar metastases confirmed by imaging follow-up (n ϭ 12) or pathologic examination (n ϭ 2) were included in the analysis.
MR Imaging Protocol
All patients underwent MR imaging with a 1.5T (Signa HDxt; GE Healthcare, Milwaukee, Wisconsin) or 3T (Discovery 750w; GE Healthcare) MR imaging scanner with an 8-or 32-channel head coil. Imaging sequences included FSE T2WI, contrast-enhanced spin-echo T1WI, and ASL images. MR imaging parameters were as follows: TR ϭ 467-567 ms, TE ϭ 8 -9 ms, flip angle ϭ 90°, and matrix ϭ 320 ϫ 192 for spin-echo T1WI; TR ϭ 4850 -5330 ms, TE ϭ 92-127 ms, flip angle ϭ 90°-142°, and matrix ϭ 448 ϫ 256 for FSE T2WI; and section thickness ϭ 5 mm with a 1-mm gap, FOV ϭ 240 ϫ 240 mm for T1WI and T2WI. Contrast-enhanced T1WI was acquired after intravenous administration of gadobutrol (Gadovist; Bayer Schering Pharma, Berlin, Germany) at a dose of 0.1 mmol per kilogram of body weight. ASL images were acquired before administration of the contrast agent. ASL perfusion imaging was performed with a pseudocontinuous ASL pulse sequence, which significantly increases the flow-labeling efficacy in a single-coil setting. 17, 18 ASL images were acquired for 1.5 seconds of labeling followed by 1.5 seconds of labeling delay. Saturation pulses were used to suppress the background. 19 The image acquisition consisted of a stack of interleaved 3D fast spin-echo spiral readouts, each of which lasted 4 ms. Each spiral arm included 512 sampling points in k-space, and a total of 8 interleaves (arms) were acquired separately. The ASL parameters were as follows: TR ϭ 4446 -4564 ms, TE ϭ 9.4 -9.9 ms, echo-train length ϭ 1, FOV ϭ 240 ϫ 240 mm, matrix ϭ 128 ϫ 128, number of excitations ϭ 3, number of interleaved sections ϭ 32, section thickness ϭ 5-6 mm, intersection gap ϭ 0 mm, and number of sections ϭ 32-44. The signal intensity change between the labeled image and the control image was fitted to a model from which a quantitative perfusion map of cerebral blood flow was obtained.
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Image Analysis
Two radiologists (a qualified neuroradiologist with 8 years of clinical experience and a third-year resident radiologist) who were blinded to the clinical and pathologic information independently reviewed the MR image sets in a random order. First, they reviewed the ASL images and determined the presence or absence of a hyperperfused cerebellar mass in each patient. The hyperperfused mass was defined as a space-occupying hyperintense lesion compared with the appearance of normal gray matter on the CBF map from ASL imaging. In case of a hyperperfused mass, quantitative analyses were performed. The size of the mass was measured as the largest axial diameter on both the postcontrast T1WI and the CBF map from ASL imaging. The size ratio was calculated as the size on the CBF map divided by the size on the postcontrast T1WI.
Absolute tumor blood flow was calculated as the mean blood flow in an ROI, which was drawn over the hyperperfused mass on the section showing the largest cross-sectional area. 15 Then, relative tumor blood flow (rTBF) was calculated by normalizing the absolute tumor blood flow to the blood flow measured in cortical gray matter with a normal appearance in the contralateral hemisphere based on methods in previous reports. 15, 21 An ROI of Ͼ100 mm 2 was selected in normal-appearing cortical gray matter. The reference ROI was placed in the same section as the one with the ROI for the tumor or the nearest section. In the case of tumors located across the midline, the reference ROI was placed in the cortical gray matter of the side in which the tumor was least present.
To assess the intraobserver reproducibility of the measurements, the qualified neuroradiologist with 8 years of clinical experience performed the size measurements and ROI placement twice at 2-week intervals. The mean value of the repeat measurements was used to determine the tumor size, size ratio, and rTBF. Mean ROI sizes were 83.3 Ϯ 100 mm 2 
Observer Performance
To investigate the added value of ASL imaging with conventional MR imaging for predicting hemangioblastomas, 2 qualified neuroradiologists (with 27 and 7 years of clinical experience, individually) who were blinded to the patients' histories and pathologic data independently reviewed 2 MR image sets-that is, the conventional image set including precontrast T1WI, T2WI, and postcontrast T1WI, and the combined ASL image set of the conventional image set and the CBF map derived from ASL perfusion imaging. For the conventional image set, hemangioblastoma diagnoses were made according to the following findings: a markedly enhancing mural nodule with a large surrounding cyst, a solid enhancing nodule, or the presence of large draining and feeding vessels within the periphery and a solid nodule. 8, 22 For the combined ASL image set, the observers were provided with the predictive findings, the measurement results (median and ranges) of each tumor, and the diagnostic performances of rTBF and the size ratio, which were acquired from the above image analyses.
For each set, the observers were asked to predict the presence of a hemangioblastoma according to the provided criteria, and they recorded their confidence levels with the following 5-point scale: 1, definitely metastasis; 2, probably metastasis; 3, indeterminate lesion; 4, probably hemangioblastoma; and 5, definitely hemangioblastoma.
Statistical Analysis
Intra-and interobserver reproducibility for the size, size ratio, and rTBF were assessed by calculating intraclass correlation coefficients. 23 The Fisher exact test was used to compare the frequencies of a hyperperfused mass between hemangioblastomas and metastases. The difference in sizes between the postcontrast T1WI and the CBF map was evaluated with the Wilcoxon signed rank test for hemangioblastomas and metastases. The size ratios and rTBF values were compared between hemangioblastomas and metastases with the Mann-Whitney test. A receiver operating characteristic (ROC) curve analysis was performed to evaluate the diagnostic performance of the size ratio and rTBF for differentiating hemangioblastoma from cerebellar metastasis. In addition, a pair-wise comparison of the ROC curves was performed to compare the diagnostic accuracies of the size ratio and rTBF.
For observer performance, interobserver variability regarding the confidence level for diagnosing hemangioblastoma was assessed with statistics. The diagnostic performance of each observer was assessed with an ROC curve analysis. To compare the diagnostic accuracy before and after evaluating the ASL images, we performed a pair-wise comparison of the ROC curves. We used 95% confidence intervals to express the statistical precision of the results. Sensitivity, specificity, and diagnostic accuracy were calculated for both observers on the assumption that a confidence level of 4 or higher was positive for the diagnosis of hemangioblastoma. Under this assumption, the McNemar test was used to compare the overall accuracy before and after evaluating additional ASL images.
Statistical analyses were performed with MedCalc for Windows (Version 9.3.0.0; MedCalc Software, Mariakerke, Belgium). P Ͻ .05 was considered statistically significant. . The primary types of cancer in these patients were as follows: lung cancer (n ϭ 6), breast cancer (n ϭ 5), gastric cancer (n ϭ 1), colon cancer (n ϭ 1), and renal cell carcinoma (n ϭ 1). Three of the 16 patients with hemangioblastomas and 2 of the 14 patients with metastases had Ͼ2 masses. In patients with multiple hyperperfused masses, the largest representative mass was included in the following quantitative analyses.
Image Analysis for Differentiating Hemangioblastoma from Metastasis
The presence of at least 1 hyperperfused mass in the cerebellum was observed in all 16 patients with hemangioblastomas and in 7 of the 14 (50%) patients with metastases by both reviewers, with 100% agreement. There was a significant difference in the frequency of hyperperfused cerebellar masses between patients with hemangioblastomas and those with metastases (P ϭ .0002). Hyperperfused cerebellar metastases were observed in patients with lung cancer (n ϭ 2), breast cancer (n ϭ 2), gastric cancer (n ϭ 1), colon cancer (n ϭ 1), and renal cell carcinoma (n ϭ 1). The other lung (n ϭ 4) and breast cancer (n ϭ 3) metastases did not demonstrate hyperperfusion. The analyses described below were performed on the hyperperfused masses (16 hemangioblastomas and 7 metastases). The intraclass correlation coefficient values, with 95% CIs, were calculated for the size, size ratio, and rTBF data, as shown in Table 1 . For both hemangioblastomas and metastases, the intra-and interobserver agreements were fair to excellent for the size, size ratio, and rTBF values.
The Wilcoxon signed rank test of the paired samples revealed that the measured size of hemangioblastomas was significantly larger on the CBF map (median, 16.04 mm; range, 6.75-46.27 mm) than on the postcontrast T1WI (median, 20.12 mm; range, 8.87-33.70 mm; P Ͻ .001). Conversely, the measured size of hyperperfused metastases was significantly larger on the postcontrast T1WI (median, 25.02 mm; range, 12.47-36.24 mm) than on the CBF map (median, 20.12 mm; range, 8.87-33.70 mm; P ϭ .016). The Mann-Whitney test revealed that the size ratio of hemangioblastomas was significantly larger than that of metastases (P Ͻ .001). Furthermore, the rTBF of hemangioblastomas was significantly higher than that of metastases (P ϭ .039). The results are summarized in Table 2 According to the ROC analysis, the area under the curve (AUC) was 0.991 (95% CI, 0.83-1.000) for the size ratio and 0.777 (95% CI, 0.557-0.922) for the rTBF. A size ratio of Ͼ0.98 could differentiate hemangioblastomas from hyperperfused metastases with a sensitivity of 93.7% (15/16), a specificity of 100% (7/7), and an accuracy of 91% (40/44). A rTBF of Ͼ3.78 corresponded to a sensitivity of 75% (12/16), a specificity of 85.7% (6/7), and an accuracy of 78.3% (18/23) (Fig 2) . Although the AUC value for the size ratio (0.991) was higher than for the rTBF (0.777), they were not significantly different in the comparison of ROC curves (P ϭ .062).
There were no significant differences in the frequencies of hemangioblastomas and metastases between patients examined with 3T and 1.5T magnets (P ϭ .657). Nine of the 16 patients with hemangioblastomas and 8 of the 14 patients with metastases underwent MR imaging at 1.5T, and the others underwent MR imaging at 3T. Among 7 patients with hyperperfused metastases, 5 underwent MR imaging at 1.5T. Detailed results for the size ratio and rTBF data regarding magnetic strength are summarized in the On-line Table.
Observer Performance
Interobserver agreement was improved from poor ( ϭ 0.384; 95% CI, 0.217-0.551) to excellent ( ϭ 0.911; 95% CI, 0.777-1) after the addition of ASL imaging to conventional image sets. The diagnostic accuracy in the differentiation of hemangioblastomas from metastases was significantly improved for both observers after they reviewed the ASL images: The AUC improved from 0.574 to 0.969 (P Ͻ .001) for observer 1 and from 0.683 to 1 (P Ͻ .001) for observer 2 (Table 3 and Fig 3) . The McNemar test revealed that the overall accuracy significantly improved for both observers after the addition of the ASL images (observer 1, P ϭ .0005; observer 2, P ϭ .022). Additional ASL image interpretation enabled observers to correct several diagnostic errors (observer 1, n ϭ 12; observer 2, n ϭ 13) made on the basis of conventional image interpretation alone.
DISCUSSION
Our study investigated the added diagnostic value of ASL imaging for the differentiation of hemangioblastomas from metastases in a homogeneous cohort of patients with only cerebellar masses. All patients with hemangioblastomas had at least 1 hyperperfused mass, while only half of the patients with metastases presented with a hyperperfused mass. The size ratios and rTBF of the masses were measured for differential diagnoses between hemangioblastomas and metastases for the hyperperfused cerebellar masses. The values of both variables were significantly higher in hemangioblastomas than in metastases. The size ratio revealed excellent diagnostic power (AUC ϭ 0.991), and rTBF demonstrated moderate diagnostic power (AUC ϭ 0.777). In addition, we investigated the 2 observers' performances to validate the use of ASL for distinguishing hemangioblastomas from metastases in patients with only cerebellar masses. Both the diagnostic accuracy of the observers and the interobserver agreement were significantly improved after the addition of ASL images.
A prior study with ASL reported that rTBF was significantly higher for hemangioblastomas than for metastases. 15 However, the study included only 5 hemangioblastomas, and 10 of 14 (71%) metastases were in the supratentorial region. In addition, there was no information regarding visually assessed signal intensities-that is, the prevalence of a hyperperfused mass in the respective tumors. One of strengths of this study is that we included a homogeneous cohort of patients with only cerebellar masses for both hemangioblastomas and metastases. In addition, the frequency of the presence of hyperperfused masses in the 2 tumor types was assessed. In contrast to the patients with metastases, no patients with hemangioblastomas had hypo-or isointense cerebellar masses. Therefore, when a patient has an enhancing mass in the cerebellum that does not show hyperperfusion on ASL imaging, the diagnosis might not be hemangioblastoma.
The rTBF and size ratio of hyperperfused masses aided in differentiating hemangioblastomas and metastases. Our rTBF results are like those of a previous study. 15 They reported that the However, we also investigated the diagnostic performance of size ratio, and it revealed a better accuracy of 91%, with a cutoff value of 0.98. In addition, the multivariable analysis revealed that size ratio was the only independent predictor of a differential diagnosis. Therefore, the size ratio seems to be useful for differentiating hemangioblastoma from metastasis. For example, a metastasis from renal cell carcinoma mimicked a hemangioblastoma due to its very high rTBF (16.2), like the findings for hemangioblastomas reported in the previous study. 15 However, in our study, an accurate diagnosis of a metastasis from renal cell carcinoma was made when it was based on the low size ratio of 0.82, which took precedence over a high rTBF of 14.36 (Fig 1) .
The size ratio determined by ASL imaging suggests that hemangioblastomas appear to become enlarged or "bloom" in ASL sequences. Because a hemangioblastoma is composed of a cluster of thin-walled, tightly packed blood vessels lined with endothelial cells, it may be identified as a dense tumor nodule or as a heterogeneous network of tangled vessels fed by dilated artery draining veins in angiographs. 8 Therefore, we presumed that the "blooming" appearance represented the emphasized bright signal intensities, which might be attributed to delayed filling and flow stagnation in the tumor.
Observer performance was evaluated to validate the findings based on ASL imaging. The diagnostic accuracy for differentiating hemangioblastomas from metastases was significantly improved after additional review of the CBF map from ASL imaging for both observers. Observer 1 made 1 error after viewing the additional ASL images. On review, the size ratio had been overlooked in this case. The addition of ASL images increased the value between observer 1, who was an experienced radiologist with 28 years of clinical experience, and the other observer, who had 6 years of clinical experience. This finding suggests that not only diagnostic accuracy but also interobserver variation can be improved by the addition of ASL images.
When the clinical findings are noncontributory and hemangioblastomas appear as solid contrast-enhancing masses with peritumoral edema, conventional MR imaging cannot distinguish them from metastases. 10 In such cases, markedly increased vascularity visible on cerebral angiographs may suggest hemangioblastoma rather than metastasis. 8 However, a non-negligible neurologic complication rate of up to 1.3% has been reported. [24] [25] [26] In addition, preoperative embolization is not generally used. 27 Therefore, better diagnostic accuracy with MR imaging is crucial. Our results suggest that the addition of ASL imaging could provide practical information to differentiate hemangioblastoma from metastasis in patients with only enhancing cerebellar masses. When enhancing cerebellar masses do not show hyperperfusion on ASL imaging, the possibility of hemangioblastoma is minimal. When enhancing cerebellar masses reveal hyperperfusion, the size ratio can provide strong diagnostic power. If the masses appear larger on the contrast-enhanced T1WI than on the CBF map, then the possibility of hemangioblastoma is minimal. In patients with impaired renal function, rTBF alone may aid in differentiating hemangioblastoma from metastasis using noncontrast conventional MR imaging with additional ASL imaging.
There are several limitations of this study. First, this was a retrospective study, and the sample size was small. Therefore, the same population had to be used to validate the suggested ASL findings. In addition, because of the small sample size, the comparison of ROC curves did not reveal a significant difference between the AUC values for the size ratio and rTBF (P ϭ .062). Despite this limitation, we included a relatively larger number of patients compared with several previous studies using MR perfusion imaging. 9, 10, 15 Furthermore, we included a homogeneous cohort of patients with only cerebellar masses. Second, ASL imaging was performed with 2 different MR imaging scanners with different magnetic field strengths. However, we used the normalized rTBF values to minimize the influence of these differences. Although, statistical comparison could not be performed due to the small sample size, a subgroup analysis still revealed that the size ratio and rTBF values were larger for hemangioblastomas than for metastases.
CONCLUSIONS
The addition of ASL imaging to conventional MR imaging may be a reliable and noninvasive method to increase diagnostic accuracy and interobserver variation for the differentiation of hemangioblastoma from metastasis in patients with only cerebellar masses. Combining size ratio and rTBF data could aid in providing correct diagnoses. ROC curves used to differentiate hemangioblastomas from metastases before and after the addition of ASL MR images for both observers. A, For observer 1, the AUC was significantly improved after additional review of the ASL MR images (from 0.594 to 0.969). B, For observer 2, the AUC was also significantly improved after this review (from 0.683 to 1).
